2 2 1,3-Diols, 6-(2-hydroxyethyl)spiro [4.5] decan-6-ol 1-(2-hydroxyethyl)spiro [5.5] undecan-1-ol 1-(2-hydroxyethyl)spiro [4.4] nonan-1-ol 3-(1-methylcyclopentyl)pentane-1,3-diol 3-(1-methylcyclohexyl)pentane-1,3-diol 3-cyclopentylbutane-1,3-diol 3-cyclohexylbutane-1,3-diol 2-(2-hydroxyethyl)-1,7,7-trimethylbicyclo[2.2.1]heptan-2-ol and 2-(2-hydroxyethyl)-1,3,3-trimethylbicyclo[2.2.1]heptan-2-ol were prepared by reaction of the corresponding 3-hydroxy acid using lithium aluminum hydride. A typical procedure is as follows:
To 1.14g (30 mmol) of lithium aluminum hydride in 120mL of tetrahydrofuran, 5.30g (25 mmol) of (6-hydroxyspiro [4.5] dec-6yl)-ethanoic acid in 100 mL of tetrahydrofuran was added over a period of 1 h with stirring at room temperature. It was refluxed for an additional 6 h, and cooled to room temperature. The reaction mixture was decomposed 50 mL of iced-water and acidified with 10% sulphuric acid (100 mL). It was then extracted with 100 mL of diisopropyl ether three times. The organic layer was washed with 150 mL of water three times, dried with anhydrous sodium sulfate, and evaporated. The residual oil was flash-chromatographed on silica gel eluted with hexane/ ethyl acetate (8/1) to give 4.46g (22.5 mmol; 90% yield) of 6-(2-hydroxyethyl)spiro [4.5] 
3
A typical procedure is as follows:
In a 50-mL flask were placed 500 mg (2.5 mmol) of , 157 mg (0.5 mmol) of iodine and 25ml of acetonitrile, and the mixture was stirred at room temperature for 3 h. A 5% aqueous solution of sodium thiosulfate (50 mL) was added to the reaction mixture in order to remove iodine, and the mixture was then extracted with 50 mL of diisopropyl ether three times. The organic layer was washed with 100 mL of water three times, dried with anhydrous sodium sulfate, and evaporated. The product was purified by silica gel column chromatography eluted with hexane/ethyl acetate (10/1). A total of 410 mg (2.28 mmol; 91% yield) of 5,6,6-trimethyl-4-oxatricyclo[5.2.1.0 1, 5 ]decane ( ) was obtained. The spectroscopic data of the product agreed with those of 24) . 
RESULTS AND DISCUSSION
1,3-Diols were prepared by reduction of the corresponding 3-hydroxy acids using lithium aluminum hydride. In a flask, a solvent, 1,3-diol , and iodine were added and the reaction mixture was stirred with heating. After the reaction, the product was isolated. The spectroscopic data of the isolated product indicated the structure of propella cyclic ether , which was obtained from by dehydration and subsequent carbon skeleton rearrangement. Similarly, propella cyclic ether was obtained from , and from . The results are summarized in . Next, the optimum conditions for the reaction of were investigated. The effect of the solvent under reflux conditions was investigated using a molar ratio of the 1,3-diol:iodine of 1:0.2 and a reaction time of 8 h. Solvents used were acetonitrile (entry 1), toluene (entry 4), xylene (entry 9), dimethylformamide (entry 10), and hexane (entry 12). When toluene and hexane were used respectively, the yields were
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J. Oleo Sci. 57, (8) high. In particular, when hexane was used as the solvent, the yield was 97%, indicating that iodination did not occur. Although the product contains an unstable five-membered ring, the reaction proceeded quantitatively. Therefore, toluene and hexane were used in subsequent investigations. In the case of toluene, when the molar ratio of iodine was increased to 1:0.5 (entry 5), the yield decreased to 60%. When the molar ratio of iodine was decreased to 1:0.1 (entry 3), the yield was about the same. When the reaction temperature was lowered to 80 and the molar ratio of iodine was 1:0.1, the yield improved to 90% (entry 6). The molar ratio of iodine was investigated using hexane as the solvent (entries 11, 12, and 13). The yield was highest with a molar ratio of 1:0.2 (entry 12). Using the conditions of entry 12 in , the reactions of and were attempted, respectively (entries 14 and 15). From , propella cyclic ether was obtained in 76% yield, and was obtained in 80% yield from . Thus, iodine was shown to be an efficient catalyst for the synthesis of five-membered cyclic ethers from 1,3-diols.
The reaction of 1,3-diol was carried out using iodine as the catalyst. The spectroscopic data of the isolated product indicated the structure of bicyclic ether containing a five-membered ether ring. Similarly, bicyclic ether was obtained from . The results are shown in . The solvent was investigated using a molar ratio of 1,3-diol:iodine of 1:0.2, and a reaction time of 8 h. The solvents used were acetonitrile (entry 1), toluene (entries 3 and 7), and hexane (entry 9). Similar to the reaction of , toluene was most suitable. When the temperature was 80 , the yield of was 89% (entry 7). When the reaction mixture was refluxed, the yield decreased to 45% (entry 3). The molar ratio of 1,3-diol:iodine was changed to 1:0.1 (entry 5), 1:0.2 (entry 7), and 1:0.5 (entry 8) and the most suitable molar ratio was found to be 1:0.2. When the reaction time was shortened to 2 h (entr y 6), the yield decreased to 67%. Thus, the most suitable conditions were as follows: solvent, toluene; temperature, 80 ; time, 8 h; and molar ratio of 1,3-diol:iodine, 1:0.2 (entry 8). However, in the case of , the most suitable solvent was hexane, which differed from the reaction of . Under similar conditions of entry 9, was obtained in 60% yield (entry 11). The reaction of 1,3-diol was performed using iodine as a catalyst, and the spectroscopic data of the isolated product suggested the structure of cyclic spiroether , containing a five-membered ether ring. The results are shown in . Based on the results from the reactions of and , the reaction time was run for 8 h, and the molar ratio of 1,3-diol:iodine was 1:0.2. The solvent was investigated in the reaction of . Acetonitrile (entry 1), toluene (entries 2 and 3), and hexane (entry 4) were used of these solvents, hexane was most suitable, providing a yield of 77%. Similar to , the solvent was investigated in the reaction of (entries 5, 6, and 7). Hexane was also the most suitable solvent and the yield of spiroether was 68% (entry 7).
This method was applied to the etherification of terpenoic 1,3-diol, derived from (+)-camphor . The results are summarized in . Due to the bulky structure, it was hypothesized that iodination of 1,3-diol might occur under severe reaction conditions. Therefore, the reaction was performed under mild conditions in order to prevent iodination: temperature, room temperature; reaction time, 3 h; and molar ratio of 1,3-diol:iodine, 1:0.2. The solvent was investigated using acetonitrile (entry 3), toluene (entry 5), hexane (entry 6), and diethyl ether (entry 7). In these solvents, acetonitrile was most efficient, and the yield was high (91%) in spite of the mild conditions. The molar ratio of 1,3-diol:iodine was changed from 0.01 to 0.5 (entries 1-4) . Although the molar ratio of iodine was a slight amount (0.01), the reaction proceeded smoothly and the yield was 85% (entry 1).
A possible reaction mechanism is illustrated in Scheme 1. Hydrogen iodide, which is initially formed by the interaction of iodine with the hydroxyl group, acts as an acidic catalyst to cause dehydration. An intermediate is formed by skeleton rearrangement, and subsequent nucleophilic attack by the oxygen atom on the carbocation results in the formation of the five-membered ether ring. It is considered that the other reactions proceeded in a similar mechanism.
The etherification of terpenoic 1,3-diol , derived from (-)-fenchone , was investigated. The results are shown in . At first, the reaction of 1,3-diol was also carried out under mild conditions, similar to that of : temperature, room temperature; reaction time, 3 h; and molar ratio of 1,3-diol:iodine, 1:0.2. However, the reaction did not proceed well, giving a yield of only 9% (entry 1). Therefore, the reaction was performed under reflux (entry 3). The yield was greatly improved to 67%. Under these conditions, the solvent was investigated (entries 3, 6, 7, and 8), and acetonitrile and hexane were found to be efficient solvents. When the reaction time was increased from 3 h to 8 h (entry 4), the yield was slightly improved (74%). The reason why the reaction of 1,3-diol only proceeded smoothly at room temperature is currently under investigation.
A comparison of the method using sulfuric acid 1) with the reaction using iodine was investigated in the reactions of 1,3-diols and . While the yield of the reaction of using sulfuric acid was 80%, that using iodine was 91%. However, the yield of the reaction of using sulfuric acid was 90%, while that using iodine was 74%. Thus, the reaction using iodine compares favorably to the reaction using sulfuric acid.
In conclusion, the etherification of 1,3-diols using iodine as a catalyst proceeds smoothly to give the corresponding five-membered ether rings. The yields obtained by this method are as high as those obtained in the corresponding reactions using acid catalysts. 
